Sexual dimorphism in the permeability response of coronary microvessels to adenosine. Am J Physiol Heart Circ Physiol 288: H2006 -H2013, 2005. First published November 24, 2004; doi:10.1152/ajpheart.01007. 2004.-Gender influences volume regulation via several mechanisms; whether these include microvascular exchange, especially in the heart, is not known. In response to adenosine (Ado), permeability (P s) to protein of coronary arterioles of female pigs decreases acutely. Whether Ado induces similar P s changes in arterioles from males or whether equivalent responses occur in coronary venules of either sex has not been determined. Hypotheses that 1) basal P s properties and 2) P s responses to vasoactive stimuli are sex independent were evaluated from measures of Ps to two hydrophilic proteins, ␣-lactalbumin and porcine serum albumin (PSA), in arterioles and venules isolated from hearts of adult male and female pigs. Consistent with hypothesis 1, basal Ps values of both microvessel types were independent of sex. Contrary to hypothesis 2, P s responses to Ado varied with sex, protein, and vessel type. Confirming earlier studies, Ado induced a ϳ20% decrease in Ps to both proteins in coronary arterioles from females. In arterioles from males, Ado did not change P s for ␣-lactalbumin (P s ␣-lactalb , 3 Ϯ 13%), whereas Ps for PSA (P s PSA ) decreased by 27 Ϯ 8% (P Ͻ 0.005). In venules from females, Ado elevated P s PSA by 44 Ϯ 20% (P Ͻ 0.05), whereas in those from males, Ado reduced P s PSA by 24 Ϯ 5% (P Ͻ 0.05). The variety of outcomes is consistent with transvascular protein and protein-carried solute flux being regulated by multiple sex-dependent mechanisms in the heart and provides evidence of differences in exchange homeostasis of males and females in health and, likely, disease.
SEX-RELATED DIFFERENCES have been documented extensively with respect to vascular tone and coronary and peripheral vascular blood vessel responsiveness to a variety of stimuli (13, 15, 45, 49) . Less is known about the relationship between gender and vascular permeability, especially as it relates to substrate delivery and volume regulation. There are data demonstrating sex-specific differences in vascular volume (17) and volume regulation, specifically following perturbations such as hemorrhage (2, 53) , recovery from exercise (44) , or changes in position (14, 54) , but not fundamental differences in microvascular permeability properties. Sex-specific differences have been shown in several studies of porcine coronary artery and arteriole basal tone and reactivity. In this model, for example, Laughlin et al. (40) assessed vascular reactivity of skeletal muscle conduit arteries and found that basal reactivity depended on both the animal's sex and anatomic origin of the artery. Miller and colleagues demonstrated sex differences in basal vasomotor tone and responses to a variety of vasoactive agents in addition to sex-related differences in a variety of factors such as platelet products (46) , phosphodiesterase activity (3), and K ϩ /Ca 2ϩ channel activity (3) . In response to adenosine (Ado), a cell-permeant breakdown product from ATP metabolism, permeability (P s ) of coronary arterioles isolated from the hearts of sexually mature female pigs decreased from baseline levels (29) . In a limited study of arterioles (24) and venules (27) isolated from the hearts of Yucatan miniature swine, the data were consistent with genderand exercise training-related differences for basal arteriolar permeability for a small protein, ␣-lactalbumin, but not the for a larger plasma protein, porcine serum albumin (PSA). Similarly, there appeared to be differences in the permeability response to adenosine with the animal's sex (26, 30) . The outcome of these studies thus raised the question of whether it is correct to assume that permeability properties are the same in both adult male and female mammals. Thus the purpose of the present study was to determine whether the sex of an animal influenced 1) the basal barrier properties of coronary microvessels to macromolecules or 2) changes in barrier selectivity after exposure to Ado. Our hypothesis was that both basal P s and permeability responses (⌬P s ) would be independent of sex. To test the hypothesis, paired measures of P s to ␣-lactalbumin (P s ␣-lactalb ) and porcine serum albumin (P s PSA ) were made in arterioles and venules isolated from the hearts of male and female pigs before and after suffusion with 10 Ϫ5 M Ado. There were two basic findings: in arterioles, whereas basal P s was independent of the sex of the animal, the response to Ado differed with both sex and the protein used to probe the barrier; in venules, again, basal P s PSA was sex independent, whereas the response to Ado was sex dependent and varied from that seen in the arterioles. This mixture of results is consistent with the interpretation that the transvascular flux of protein and solutes carried by proteins (such as free fatty acids on albumin) in coronary microvessels is regulated by several mechanisms, that the contribution of these mechanisms to net flux involves gender, and that the mechanisms defining basal properties differ from those regulating acute permeability responses to a stimulus such as Ado. The implication of the study is that male and female animals regulate volume and exchange homeostasis by different mechanisms that are sensitive, at least in part, to the reproductive hormones. Preliminary results of these studies have been reported previously (24, 26, 30) .
MATERIALS AND METHODS

Animals
All animal care and research was conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals under the supervision of the Office of Laboratory Medicine at the University of Missouri, Columbia, MO.
Studies were carried out on 74 sexually mature Yucatan miniature swine [20-to 40-kg females (N ϭ 52) and 23-to 45-kg males (N ϭ 27) aged 13-16 mo] . On the day of experimentation, the animals were sedated with ketamine (25 mg/kg im) and Rompun (2.25 mg/kg im), anesthetized with pentobarbital sodium (20 mg/kg iv), intubated, and then ventilated with room air. After placement of a catheter into an ear vein, heparin was administered (1,000 U/kg), and a left thoracotomy was performed. The heart was excised, and, after the wet weight was determined, it was immersed into cold (4°C) mammalian Krebs solution (32) until the right ventricular wall (5-7 ϫ 2-3 cm) was removed and placed into fresh Krebs solution containing 10 mg/ml PSA (4°C; Sigma, St. Louis, MO) for transport to the laboratory. The pieces of heart were submerged in Krebs-PSA solution and pinned onto a closed cell foam pad with minuten pins (Carolina Biological, Burlington, NC) to maintain the tissue at a constant length.
Arterioles. The epicardial surface of the myocardium was reflected to reveal the arterial branches embedded in connective tissue. A plexus consisting of interconnected arterioles was removed from the surrounding myocytes. In the plexus, arterioles of Ͻ100 m in diameter and ϳ1,000 m in length branched from larger vessels (Ͼ250 m in diameter), which, in turn, had originated from the right coronary artery. The arterioles on which permeability measurements were made ranged from 13 to 109 m in internal diameter (ID), representing A2 through A6 order vessels as defined by Kassab et al. (37) , and the majority (90%) were from orders A4 and A5. The arteriolar plexus could contain microvessels that, in situ, spanned the width of the ventricular wall from epicardium to endocardium.
Venules. When both venules and arterioles were harvested from the same tissue segment, the venules were isolated first because of their proximity to the epicardial surface and their distribution into the myocardium at the epicardial surface away from the arterial tree. In the case of the venules, the plexus contained vessels of irregular, noncylindrical shapes as described previously by Kassab et al. (36) . In the present studies, the venules ranged in diameter from 34 to 126 m (ID), representing orders V3 through V5 [Kassab Ϫ3 to Ϫ5 (36) , with 92% from orders V4 and V5], with an average diameter of 73 Ϯ 5 m.
The excised microvascular plexus was moved from the deep culture dish by using a transfer pipette filled with Krebs-PSA. Minuten pins (0.1 or 0.2 mm; FST or Carolina Biological) were used to secure the plexus to a 3-mm-deep Sylgard pad (Dow Corning, Midland, MI) that was set on an inverted 5-cm-diameter organ culture dish (Falcon 1008) at approximately its in vivo length. One segment of the microvascular plexus was cannulated with a beveled glass theta micropipette (WPI, Sarasota, FL) (32) by using a single-dimension hydraulic microdrive (Frederick Haer, Brunswick, ME) mounted on a Prior micromanipulator (Stoelting, Chicago, IL) with fine adjustment in the z-axis. Microvascular plexus perfusion was established through several branches immediately upon cannulation as evidenced by displacement of red blood cells by the perfusion solution.
The perfused plexus was transilluminated and viewed at ϫ10 magnification with a fixed-stage inverted microscope (Diavert, Leica, NJ or Olympus IX70) equipped with an adjustable magnifier for placement of the perfusion micropipette. The light path of the microscope was split 50/50 and projected simultaneously to a video system and to an analog microscope photometer (PTI, Brunswick, NJ, or Solamere, Deer Valley, UT). Vessels were imaged using a black and white charge-coupled device camera (Dage-MTI 72; Geni-Sys, Michigan City, IN) fitted with an image intensifier (Dage-MTI) or a low-light camera (PTI) and displayed on two video monitors (projecting a field of view of 0.65 ϫ 0.78 to 1.30 ϫ 1.56 mm; Sony). A pseudocolor picture was generated using NIH Image. Output from the photometer was displayed on a strip chart recorder (Hewlett-Packard, Dallas, TX or Cole Parmer, Vernon Hills, IL) and used in the determination of solute flux.
Solutions
Mammalian Krebs. All perfusion and suffusion solutions were mixed fresh daily. The Krebs base consisted of (in mM) 141.4 NaCl, 4.7 KCl, 2.0 CaCl 2 ⅐ 2H2O, 1.2 MgSO4, 1.2 NaH2PO4, 5.0 glucose, 3.0 NaHCO3, and 1.5 Na-HEPES. The pH of the solution was 7.37 and 7.41 Ϯ 0.01 at 4 and 37°C, respectively.
Krebs-PSA. PSA was used as the colloid in all solutions. Before being used in any of the subsequent experiments, the protein was dissolved at a concentration of 60 mg/ml and dialyzed in 12,000 -14,000 molecular weight (MW) cutoff dialysis tubing (SpectroPor; Spectrum, Houston, TX) against 2 liters of Krebs solution in three sessions over 72 h. The dialysis procedure equilibrated the plasma protein solutions with the Krebs, removed small, water-soluble vasoactive contaminants, and set the pH of the protein solution (28, 29) . The protein content of the final dialysate was determined using absorbance spectroscopy and was adjusted so that the perfusate and suffusate solutions contained 20 and 10 mg/ml, respectively.
Labeled test solutes: ␣-lactalbumin and PSA. Two globular proteins, ␣-lactalbumin (14,000 MW; Sigma) and PSA (65,000 MW), were used to probe the selectivity characteristics of the arteriolar wall. Depending on the experiment, ␣-lactalbumin and/or PSA was present as an unlabeled solute (washout) in one-half of the theta pipette and as a dye-labeled solute [fluorescently tagged with tetramethyl rhodamine isothiocyanate (TRITC) isomer L (Calbiochem, La Jolla, CA or Molecular Probes, Eugene, OR) or 2Ј,4,5,6,7,7Ј-hexafluorfluorescein (Oregon Green 514; Molecular Probes)] in the second half of the theta pipette (29) . Concentrated stock solutions of the dye-labeled proteins were stored frozen in small quantities until the day of the experiment, when a defrosted vial was then diluted with fresh PSA and filtered through 0.45-m cellulose filter cartridges (Star LB; CoStar, Pleasanton, CA) before use. The final protein content of the probe solutions was 23.5 (0.56 mM) and 20 mg/ml for ␣-lactalbumin and PSA, respectively. Because the TRITC-PSA concentration was 0.17 mM, the total PSA concentration was 0.33 mM. The net oncotic pressure of these protein solutions ranged between 6 and 8 cmH 2O. Adenosine. Ado was dissolved in Krebs (10 Ϫ3 M stock) and prepared in a 1:100 dilution into PSA. The final concentration was 10 Ϫ5 M Ado in 10 mg/ml protein.
Measurement of Microvessel Protein Flux
The methods for assessing P s to proteins in isolated microvessels and its limitations are described elsewhere (27, 29, 32) . Briefly, to control the choice of solution and the hydrostatic pressure in the vessel segment, the microvessels were perfused with either washout or dye solution using a system of manometers connected by hydraulic switches. By switching between the two pairs of manometers, the perfusate in the vessel could contain just nonfluorescent solution, could be changed rapidly to the dye solution for the time necessary to measure solute flux, or could be changed back to the clear washout to reestablish the baseline within seconds. A relatively low perfusion pressure (15.8 Ϯ 0.5 cmH 2O) was used in these experiments to minimize the contribution of convective coupling, or solvent drag, to the estimates of apparent permeability (29) . The perfused plexus was transilluminated and viewed at ϫ10 or ϫ20 magnification (Leitz UM 10, numerical aperture 0.32, or Olympus) with a fixed-stage inverted microscope (Diavert; Leica) equipped with an adjustable magnifier (up to ϫ2, providing up to ϫ20 real magnification). The light path of the microscope was split 50/50 and projected simultaneously to a video system and to an analog microscope photometer (Leitz or PTI). Light intensity at the focal plane of the vessel in this system ranged between 5 and 11 mW/cm 2 when the N2 filter cube (Leitz) for the red fluorescent dye (TRITC) or the H2 filter cube (Leitz) for the green fluorescent dye (Oregon Green 514) was positioned in the light path. At these light intensities, fading of the fluorescent signal and/or light-induced changes in function are either absent or minimized (50, 51) .
When the dye solution perfused the microvessel, fluorescence intensity (I f) emanated from a section prescribed by a rectangular window (Ն3 vessel diameters wide) located in the light path between the vessel and the photometer that defined the area over which apparent solute permeability (P s) was measured. Solute flux per unit surface area and constant concentration gradient (Js/S⌬C, cm/s) was determined from the relation
where ⌬I0 is the step change of fluorescence when the dye replaces the nonfluorescent washout solution in the vessel lumen, (dIf/dt)i is the initial change in fluorescence intensity as solute moves across the vessel wall, and d is the microvessel internal diameter (m). The vessels were assumed to be circular in cross section and to have a volume-to-surface area ratio of 0.25d. All experimental protocols were performed at 15°C to minimize changes in d (39) .
Experimental Protocols
Flux was determined twice in all vessels. First, P s to ␣-lactalbumin (in arterioles) or PSA (in arterioles and venules), two proteins of similar charge and shape but of dissimilar size, was assessed during suffusion with mammalian Krebs and protein to determine whether properties of the microvessel barrier differed with sex. Second, the microvessels were then exposed to 10 Ϫ5 M Ado in Krebs-PSA in the suffusion to test whether a metabolic vasodilator known to alter microvascular permeability influenced movement of the protein probes across the wall. Measures of flux commenced after a minimum of 5 min of suffusion with Ado and continued for up to 90 min, depending on the rate of dye flux from the microvessels (e.g., "high"-permeability vessels were exposed to basal and Ado perfusions for shorter times than "low"-permeability vessels). Diameter was assessed under both conditions.
Statistical Analysis
Data were derived over a 7-yr period from 5 groups of 8 -16 cage-sedentary males and 10 groups of 8 -16 cage-sedentary females that were part of a program project grant (NIH P01-HL-52490). Only data from arterioles and venules in which measures of both basal permeability and permeability after exposure to Ado were obtained have been analyzed and reported in this study. A minimum average five measures of J s/S⌬C at a single pressure was used to represent apparent Ps for an individual vessel. Unlike in previous studies (25, 29, 34) , in this study with the large number of vessels (n ϭ 161), we found that only the data for the P s ␣-lactalb from female pigs were skewed (e.g., not distributed normally using the Kolmogorov-Smirnov test for normality, P Ͻ 0.05); therefore, for clarity, means Ϯ SE are reported, and in the case of ␣-lactalbumin, medians Ϯ median absolute deviation (MAD) are reported in parentheses for the females and combined sexes (StatView 5.0; SAS Institute, Cary, NC). Because of the nonparametric distribution of control values of ␣-lactalbumin, both the Games-Howell (nonparametric) and Tukey-Kramer honestly significant difference (parametric) (10, 11, 16) post hoc tests were used to test for differences in value of P s with sex and solute by factorial ANOVA. The response to Ado was calculated as the ratio of the permeability under test conditions relative to that under control conditions. In all cases, the responses were normally distributed; thus comparisons were made by factorial ANOVA. Multivariate ANOVA confirmed the analyses for basal P s and the response of Ps to Ado with vessel type and sex. A significant change in diameter or permeability from basal levels was determined using paired Student's t-test or the Wilcoxon signed rank test, as appropriate. A power analysis (10, 11, 48) indicated that a minimum of seven animals per group was required per solute to minimize both type I and type II errors. A significance level of P Ͻ 0.05 was set before the power analysis was calculated and before the experiments were performed.
RESULTS
Influence of Sex on Basal Arteriole Permeability to Proteins
Solute permeability was measured under basal conditions on 137 coronary arterioles measuring 43.4 Ϯ 1.8 m in diameter (mean Ϯ SE; range 13-126 m). When P s values are examined without regard to sex, basal P s ␣-lactalb is 12.1 Ϯ 1.4 ϫ 10
Ϫ7
cm/s (mean Ϯ SE; median 7.1 ϫ 10 Ϫ7 cm/s Ϯ MAD of 3.6 ϫ 10 Ϫ7 cm/s; n ϭ 76) and basal P s PSA is 6.3 Ϯ 0.6 ϫ 10 Ϫ7 cm/s (mean Ϯ SE; n ϭ 61). P s ␣-lactalb was significantly greater than P s PSA (P Ͻ 0.01). No differences are observed for either basal P s PSA or P s ␣-lactalb when the data are split by sex (Fig. 1) ; P s ␣-lactalb of arterioles remains significantly greater than P s PSA from female and male pigs, respectively (P Ͻ 0.05 in each case).
Influence of Sex on Basal Venule Permeability to Proteins
P s PSA was assessed under basal conditions on 24 coronary venules measuring 71 Ϯ 4.9 m in diameter (mean Ϯ SE; range 34 -104 m). When permeability values are examined without regard to sex, basal P s PSA is 22.2 Ϯ 3.5 ϫ 10 Ϫ7 cm/s. No differences are observed for basal P s PSA when the data are split by sex (P ϭ 0.69). Basal P s PSA of venules was significantly greater than P s PSA of arterioles (P Ͻ 0.001, Fig. 2 ).
Influence of Sex on Arteriole Permeability Response to Adenosine
After 5 min of suffusion of the arteriolar plexus with 10 Ϫ5 M Ado, independently of sex, diameter increased by 9 Ϯ 4% (P Ͻ 0.001). When neither sex nor solute is considered, the data show that suffusion of arterioles with Ado resulted in a significant 15 Ϯ 5% decrease in permeability from basal levels. The overall response (a decrease in P s ) is maintained whether the data are split by protein probe (Ϫ13 Ϯ 5% and Ϫ22 Ϯ 4% for ␣-lactalbumin and PSA, respectively) or by sex (Ϫ15 Ϯ 7% and Ϫ13 Ϯ 4% for males and females, respectively; Fig. 3 ).
As shown in Fig. 4 , when the data are split by sex and solute, it becomes apparent that, except in the case of males when the solute is ␣-lactalbumin, Ado reduced P s of arterioles from basal levels. In arterioles isolated from the hearts of male pigs, Fig. 1 . Basal coronary arteriole permeability (Ps) to ␣-lactalbumin and to porcine serum albumin (PSA) is shown for microvessels isolated from hearts of female and male pigs. Data are means Ϯ SE. There is no statistical difference in Ps to either solute with sex (P ϭ 0.36 and 0.40 for ␣-lactalbumin and PSA, respectively). Whether the data are combined or split by sex, permeability to ␣-lactalbumin is greater than that to PSA (*P Ͻ 0.05).
P s
␣-lactalb did not change on exposure to Ado (3 Ϯ 13%, n ϭ 21, P ϭ 0.84 for males), whereas there was a significant decrease in P s ␣-lactalb in arterioles from female pig hearts (Ϫ20 Ϯ 5%, n ϭ 54, P Ͻ 0.001). Despite the lack of response to Ado with respect to P s ␣-lactalb , there was a robust decrease in P s PSA in arterioles from the same population of male pigs (Ϫ27 Ϯ 8%, n ϭ 24, P Ͻ 0.001 for males) that was somewhat greater in the magnitude of the response than that of arterioles from female pigs (Ϫ18 Ϯ 4%, n ϭ 35, P ϭ 0.03 for females). The result is that only arterioles from male pigs in the presence of Ado demonstrated a greater selectivity for macromolecules than that predicted by simple molecular diffusion (Fig. 4) .
Influence of Sex on Venule Permeability Response to Adenosine
The diameter of the venules from male and female pigs did not change with 10 Ϫ5 M Ado (2 Ϯ 2%). When neither sex nor solute is considered, the data show that suffusion with Ado resulted in no change in P s from basal levels (15 Ϯ 15%). As shown in Fig. 3 , however, when the data are split by sex, they show that exposure to Ado resulted in a significant P s PSA increase in venules from female pig hearts (41 Ϯ 20% n ϭ 15, P Ͻ0.05) and a significant P s PSA decrease in venules isolated from male hearts (Ϫ21 Ϯ 6%, n ϭ 13, P Ͻ0.01). Neither venule diameter or Strahler classification influenced the basal venule permeability or venule permeability responses to Ado for either sex (P ϭ 0.32 and 0.83 for males and females for the slope of the relationship between diameter and P s PSA , and P ϭ 0.49; P ϭ 0.61 and 0.68 when comparing basal permeability for V4 vs. V5 in male and females; P ϭ 0.30 and 0.82 when comparing permeability responses for males and females, respectively). The difference in the direction of the responses differs significantly with the sex of the animal (P ϭ 0.02). There is no significant difference in the magnitude of the decrease in P s between arterioles and venules isolated from male hearts, whereas the increase in P s PSA of venules on exposure to Ado differs between arterioles and venules isolated from the female pigs (P ϭ 0.05).
DISCUSSION
The data in the present study represent the test of two hypotheses: first, that the sex of intact, sexually mature animals is without influence on the basal barrier properties of coronary arterioles and venules to macromolecules, and second, that the acute change in barrier properties of these microvessels in response to Ado is also independent of sex.
The most significant findings of this study are that while the sex of the animal is without influence on the basal permeability of coronary arterioles to macromolecules, the permeability responses of coronary arterioles to Ado are functions of both the sex of the animal and the protein chosen to probe the barrier properties of the microvessel wall. Furthermore, in females, but not in males, the responses of the arteriolar vessels differ from those of venules. These outcomes are important because they illustrate not only the nonuniformity of microvascular barrier within a single organ to macromolecules and that the flux of large solutes under stimulated conditions is governed by multiple mechanisms but also that exchange homeostasis is achieved differently by sexually mature females and males.
Pathways for Transvascular Macromolecule Exchange
Occam's razor, which states that assumptions introduced to explain a process must not be multiplied beyond necessity, has Fig. 2 . Under basal conditions, a gradient in permeability exists between arterioles and venules isolated from male and female pig hearts. Mean Ps to PSA (P s PSA ) is shown for arterioles and venules isolated from hearts of 52 female and 27 male pigs. Data are means Ϯ SE and are grouped because there are no differences in Ps in either vessel type with sex. *P Ͻ 0.05. Fig. 4 . Comparison of distribution of coronary arteriolar permeabilities to PSA and ␣-lactalbumin before ({) and after (}) exposure to Ado. Data are means Ϯ SE for arterioles isolated from female (A) and male (B) hearts, respectively. On the abscissa is Ps for the larger protein, PSA (P s PSA ), and on the ordinate is Ps for the smaller protein, ␣-lactalbumin (P s ␣-lactalbumin ). A solid line is drawn with a slope of 1.7 indicating where the data would lie if the solutes were to cross the arteriolar wall by free diffusion (Df, free diffusion coefficient). The shaded area is where the data would be expected to fall if the arteriolar barrier contained structures that further restricted the passage of large relative to small macromolecules (ultrafiltration). SED, sedentary animals. Fig. 3 . Sex-and microvessel-sensitive changes in Ps to PSA in response to adenosine (Ado, 10 Ϫ5 M). The paired mean permeability response (P s Ado /P s C , where C is control) to a minimum of 5 min of suffusion with Ado is shown for PSA in arterioles (left) and venules (right) isolated from hearts of female (open bars) and male (shaded bars) pigs. Data are means Ϯ SE. *P Ͻ 0.05, significant changes in permeability from basal levels. Significant differences also exist in direction and magnitude of responses with sex (**P Ͻ 0.01) and vessel type in females (***P Ͻ 0.01).
prevailed in the formulation of models of microvascular exchange. Consequently, it has long been held that common pathways conduct probes with similar properties (in this case, two monomeric, water-soluble proteins of similar charge but different masses) across the walls of exchange vessels. Furthermore, it is assumed that these pathways do not differ among vertebrates or between the sexes of these species. Consequently, a common set of cellular and molecular mechanisms are thought to govern transvascular movement of solutes within specific organs under most physiological conditions.
The outcomes of the present study fail to fit any of the existing models of microvascular permeability. In the "simplest case," water-soluble solutes, including proteins, traverse the microvascular barrier via water-filled pathways. These pathways could exist between the cells constituting the microvascular barrier (e.g., the junctional regions), and/or they could be pathways through the cell [e.g., "pores" or fused vesicle chains or vesiculovacuolar organelles (see Ref. 43 for a recent review)]. In this scenario, protein passage through these pathways would be characterized by "passive" free diffusive transport. The predicted behavior of two solutes traversing a barrier of thickness ⌬x would be that the ratio of the permeabilities equals the ratio of the free diffusion coefficients (D f ):
In the frog mesenteric model, the ratio P s ␣-lactalb /P s PSA was on the order of 8 to 10 (31), the behavior expected if there were structures that further restricted the passage of larger substances, such as albumin (31, 32) . In endothelial cell monolayers, with the use of dextrans of molecular weights similar to that of ␣-lactalbumin and albumin, the ratio of permeabilities was close to the ratio of the free diffusion coefficients, the behavior expected for barriers that offer no ultrafiltration (43) . Either selective restriction of the smaller protein, ␣-lactalbumin, or flux augmentation of the larger protein, albumin, would result in P s ␣-lactalb /P s PSA having values less than the ratio of the free diffusion coefficients. In the present study, without regard to sex, P s ␣-lactalb /P s PSA of arterioles was 12.1 ϫ 10 Ϫ7 cm/s Ϭ 6.3 ϫ 10 Ϫ7 cm/s ϭ 1.92. This value, close to the ratio of the free diffusion coefficients, is a result similar to that found in the endothelial monolayer models. In fact, when the data are examined by sex, the ratios follow even more closely the behavior expected from a passive diffusive mechanism with no ultrafiltration: A graphical representation of these data is given in Fig. 4 . Of interest, the absolute values of P s ␣-lactalb are from 2 to 10 times lower than those reported in cultured cell models with continuous endothelium (8, 9, 12, 18, 61) .
Addition of Ado failed to change the relationship while decreasing permeability to both solutes (Fig. 4) in the case of the coronary arterioles from the female pigs. Of interest, the difference in permeability responses with sex is illustrated by the arterioles from the male pigs, in which suffusion with Ado resulted in a marked increase in P s ␣-lactalb /P s PSA to 2.67, a value more consistent with, yet still different from, the behavior of exchange microvessels of the frog mesentery.
It could be argued that the ratios of the permeabilities are artifactual because, perhaps, the fluorescent probes on the proteins may not remain bound during the time of measurement or because they reflect charge differences between TRITC-PSA and Oregon Green 514-␣-lactalbumin. With regard to the first assertion, while it is possible that the dyes do not remain covalently bound to the proteins, our experience has been that less than 1% of the total fluorescent signal can be detected after extensive centrifugation in low-molecular-mass cutoff filters (Ͻ5 kDa for ␣-lactalbumin and Ͻ30 kDa for PSA), and the measured permeability to free dyes is an order of magnitude higher than that measured to the dye-protein construct (unpublished data). Furthermore, this argument does not account for the results shown in Fig. 3 , where P s PSA increases in venules from female hearts while it decreases in venules isolated from male hearts and/or in Fig. 4 , where the ratios are sensitive to both the sex of the animal and the exposure to Ado. Finally, there is no evidence of retention of either of the dyes by the microvessels, a behavior consistent with the presence of unconjugated dyes (4) . With respect to the notion that perhaps a large charge difference exists between Oregon Green 514-␣-lactalbumin and TRITC-PSA, no such behavior has been recorded with the use of native gel electrophoresis (4), and we did not appear to get different values of P s when the dyes on the proteins were switched (unpublished data). Finally, as referenced above, in a different in vivo animal model, the frog mesentery, we and others have observed permeability ratios well in excess of the ratio of the free diffusion coefficients (6, 7, 19, 20, 29) .
The data of the present study, both under basal conditions and after Ado suffusion, illustrate clearly that a model of the barrier to macromolecules being regulated by purely diffusive mechanisms is too limited and will not account for the observed behavior in either this study or previous studies of coronary arteriolar or venular permeability (24, 25, 27, 29, 30, 32, 34) . Furthermore, the acute permeability responses to Ado provide evidence that it is inappropriate to consider the barrier as a static entity under normal physiological conditions. The mechanisms responsible for the transvascular movement of ␣-lactalbumin and albumin appear to differ with sex, resulting in males shifting barrier properties from one that favors the flux of albumin in the absence of Ado to one that does not (Fig. 4) . In contrast, the selectivity of arterioles from female hearts is not changed by the presence of Ado in the face of changing barrier properties (Figs. 3 and 4) . A fundamental inference from the present study is that although volume status and solute distributions are obviously regulated to maintain balance, the selection of mechanisms by which adult males and females achieve homeostasis differs.
Ado-Sensitive Mechanisms
The Ado receptor subtype(s) and the mechanisms linking Ado receptor activation to changes in intact microvascular permeability have yet to be determined definitively. Some data exist with regard to the receptor subtypes present in porcine coronary arterioles. Pharmacological, functional, and molecular data are consistent with the absence of Ado A 1 and the presence of message and/or Ado A 2A receptors in juvenile porcine coronary arterioles from both sexes (50 -100 m; 21). We also found message for A 1 receptors and the presence of message for A 2A and A 2B receptors in arterioles from a mixed sex subpopulation of the adult Yucatan miniature swine used for the present study (55) . Unfortunately, the microvessel samples from males and females were pooled so that it was not possible to determine whether sex differences exist. In that study, the functional responses in arterioles and venules also were pooled, resulting in an overall decrease in arteriolar P s and no change in venular P s on exposure to 10 Ϫ5 M Ado. Pooling the data in the present study yields identical results, thereby masking the sex difference in permeability function in the venules. While it is not yet known whether message and/or receptor distribution differs with sex, it can be postulated that in coronary arterioles from males, where only the flux of PSA was reduced during Ado perfusion, Ado A 2 receptor-linked mechanisms mediate albumin flux. It is interesting to note that in the study by Hein et al. (21) on porcine coronary arteriole dilation, whereas Ado A 2A receptor activation was involved in the relaxation, it appeared to be independent of cAMP signaling pathways.
Furthermore, in the same study in which we found message for A 2A and A 2B in arterioles, we found message for A 3 receptors. Furthermore, in venules pooled from both sexes, the same mRNA profile was observed. Of interest, although message for A 3 was present in arterioles and venules, we could not detect expression of the receptor protein. Offhand, these observations fail to provide the basis for an explanation for the differences in Ado-based permeability responses of arterioles and venules.
How the cyclic nucleotides are involved ultimately in the regulation of permeability remains to be determined, because the existing data are contradictory. Activation of cAMP results in a reduction in volume flux in intact, perfused frog mesenteric microvessels (1, 20, 21, 47 ) and a decrease in solute flux in isolated perfused porcine coronary arterioles (33) . Conversely, direct and indirect activation of the cGMP signaling pathways in intact isolated (57) (58) (59) (60) and in situ microvessels elicits loss of barrier function to solutes and volume (27, 28, 42, 50 -52) . Consistent with in vivo data, direct activation of cAMP-dependent pathways in some endothelial culture systems results in an "enhancement of barrier function" (5, 38, 41) , whereas in many cases in which endothelial monolayers were used, contradictory results were observed (22, 23, 35) . Furthermore, the case of the permeability response to Ado differs with the origin of the cells. In monolayers of rat coronary microvessel endothelium, stimulation with Ado resulted in an increase in permeability to FITC-labeled albumin, whereas in monolayers of endothelium derived from porcine aorta, Ado reduced permeability (56) . The difficulty with formulating a comprehensive picture of the mechanisms involved in the regulation of vascular permeability is illustrated by the comprehensive study of Ikeda et al. (35) . In that study, a variety of responses to histamine were observed that changed with tissue origin and species when permeability to FITCDextran 70, intracellular calcium, and F-actin content were measured in endothelial monolayers from aorta and vein of cows and humans. Obviously, the regulation of the barrier function of endothelium and intact blood vessels involves multiple mechanisms, requiring further study.
Implications Concerning Exchange Function in Males and Females
Although further work with the use of both in vivo and in vitro models is required to fully understand the mechanisms regulating the barrier separating circulating blood from the working myocytes of the heart, the results of this study demonstrate several important features. In coronary arterioles, the finding that Ado decreases permeability to both solutes similarly in arterioles from females and not in arterioles from males demonstrates, first, that the mechanisms regulating basal permeability differ from those that determine acute changes in exchange; second, that the acute regulatory mechanisms differ with sex; third, that albumin and a similarly shaped but smaller protein, ␣-lactalbumin, do not traverse the barrier by the same route; and fourth, that sex influences the route used by ␣-lactalbumin to cross the wall of intact coronary arterioles differently from that used by albumin. In coronary venules, although the basal permeability to PSA was indeed greater than that of arterioles, Ado induced opposite permeability responses in females and males. One physiological outcome is that during Ado stimulation, the permeability gradient between arterioles and venules is enhanced in females relative to that of the males, favoring increased albumin flux (and albumin-associated substrates such as free fatty acids, drugs, hormones) independent of Ado's effects on vascular tone and blood flow to metabolizing tissue.
In the aggregate, with respect to volume balance and solute exchange, the net consequence of these differences may only slightly influence the distribution of water, proteins, and free fatty acids under basal conditions but may substantially influence their relative distributions under conditions in which Ado is formed, as occurs during conditions that increase myocardial metabolism, such as exercise, inflammation, or stress.
